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ABSTRACT 

Data on the  s p e c t r a l  d i r e c t i o n a l  re f lec tanceand s p e c t r a l  b i d i r e c t i o n a l  

It i s  concluded t h a t  Kodak white paper does not have 
r e f l ec t ance  of Kodak white paper (double weight photographic s tock)  a r e  pre-  
sented and discussed.  
p e r f e c t l y  d i f f u s e  (Lambertian) re f lec tance ,  and t h a t  under c e r t a i n  condi t ions 
of use,  l a rge  e r r o r s  might r e s u l t  from t h i s  assumption. Def in i t ions  of spec- 
t r a l  and t o t a l  d i r e c t i o n a l  and b i d i r e c t i o n a l  r e f l e c t i o n  a r e  presented.  
on t h e  r e f l ec t ance  c h a r a c t e r i s t i c s  of Magnesium oxide a r e  presented i n  t he  

-- 
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1. INTRODUCTION 

Kodak white paper ( r egu la r  double weight photographic s tock )  has  been -- 
used, along with a ca l ib ra t ed  tungsten f i lament  lamp, as a source of radia- 
t i o n  f o r  t h e  c a l i b r a t i o n  of t h e  "v is ib le"  channels (0.2-5 and 0 .55 -0 .75~)  of 
t h e  TIROS 5-channel radiometer, both a t  NASA-Goddard Space F l igh t  Center 
and a t  The Universi ty  of Michigan. 

1 

The same technique has been used f o r  c a l i b r a t i o n  of a modified Perkin- 
Elmer SG-4 g r a t i n g  spectrophotometer and f o r  " i n - f l i g h t "  c a l i b r a t i o n s  of 
t h e  TIROS radiometer and SG-4 spectrophotometer on a bal loon f l i g h t  t e s t  of 
t hese  instruments .  

It has been assumed t h a t  Kodak white paper has " i d e a l  d i f fuse"  r e f l e c -  
tance  ( i . e . ,  it i s  h b e r t i a n ) .  However, t h i s  i s  not t h e  case; t h e  r e f l e c -  
tance  p a t t e r n  has a specular  component which v a r i e s  with t h e  angle  of i n c i -  
dence and i s  a l s o  a funct ion of wavelength, It i s  important t o  consider  t h i s  
specuiar  component i n  the above-noted c a l i b r a t i o n s .  

The ob jec t ive  of t h i s  repor t  is t o  summarize information on t h e  r e f l e c -  
tance  of Kodak white paper. Reflectance data 
cussion of d e f i n i t i o n s  of re f lec tance .  New d a t a  which i n d i c a t e  t h a t  Kodak 
white paper i s  not a pe r fec t  d i f fuse  r e f l e c t o r  a r e  then  given.  

i s  presented a f t e r  a b r i e f  d i s -  -- 

-- 
Poss ib le  e r r o r s  i n  c a l i b r a t i o n  techniques which use Kodak white paper -- 

under t h e  assumption t h a t  it is  a pe r fec t  d i f f u s e  r e f l e c t o r  are then  d i s -  
cussed b r i e f l y .  

The r e f l ec t ance  c h a r a c t e r i s t i c s  of M g O ,  which i s  used as a s t a n d a r d  of 
d i f f u s e  r e f l ec t ance  f o r  v i s i b l e  l i g h t ,  a r e  summarized i n  t h e  Appendix. 

1 



2. REFLECTANCE 

2 .1 ,  DEFINITIONS 

I n  F ig ,  1, d s  i s  an element of a r e f l e c t i n g  sur face .  (01,bl) are t h e  

incident ray f point of observation 
1 

Y 

X 

Fig .  1. Element of r e f l e c t i n g  sur face  ( d s )  showing bas i c  geometry of r e f l e c t i o n .  

zen i th  and azimuth angles  of  t h e  inc ident  ray ,  and (Q2,b2) are zeni th  and 
azimuth angles  of a r e f l ec t ed  ray.  I 

The r aa i a t ion  r e f l e c t e d  i n  t h e  d i r e c t i o n  (Q2,bz) i s  then  given by 

2 
where p ( Q l , b l , Q 2 , 4 2 )  i s  the  b i d i r e c t i o n a l  r e f l ec t ance ,  i . e . ,  t h e  f r a c t i o n  of 

rad ia t ion  inc ident  from t h e  d i r e c t i o n  (81 ,d l )  which i s  r e f l ec t ed  i n  
t h e  d i r e c t i o n  (Q2,b2) .  

-2 H i s  t h e  i r r ad iance  from d i r e c t i o n  (81 ,b l )  i n  w-m . 
d s  i s  the element of r e f l e c t i n g  sur face  area i n  m2. 

R i s  the d i s t ance  i n  meters from t h e  r e f l e c t i n g  sur face  area t o  t h e  
point of  observat ion.  

The t o t a l  amount of r e f l ec t ed  r a d i a t i o n  i s  civen by t h e  i n t e g r a l  over 
t h e  hemisphere, i .e., 

2 



The d i r e c t i o n a l  r e f l ec t ance  r (Q1,b l )  defined as t h e  f r a c t i o n  of r e f l e c t e d  
r a d i a t i o n  i s  

If t h e  r e f l ec t ance  i s  pe r fec t ive ly  d i f f u s e  ( h b e r t i a n )  then: 

and ,  i n t e g r a t i n g  Eq. (2.4), we find 

Thus f o r  p e r f e c t l y  d i f f u s e  r e f l ec t ance ,  t h e  d i r e c t i o n a l  r e f l ec t ance  i s  equal  
t o  fi t imes t h e  b i d i r e c t i o n a l  r e f l ec t ance ,  and each of t hese  q u a n t i t i e s  i s  a 
cons tan t ,  independent of t h e  angle of  incidence.  

Usually the  r e f l ec t ance  q u a h t i t i e s  a r e  a func t ion  of wavelength as w e l l  
as d i r e c t i o n .  To i n d i c a t e  t h i s ,  t h e  subsc r ip t  h. should be used, i . e . ,  t h e  
r e f l ec t ance  q u a n t i t i e s  above should be w r i t t e n  as 

%(Q1,j61,Qz,b~) = s p e c t r a l  b i d i r e c t i o n a l  r e f l ec t ance  
r)JQ1 Y b 1 )  = s p e c t r a l  d i r e c t i o n a l  r e f l ec t ance  

= s p e c t r a l  d i f f u s e  d i r e c t i o n a l  r e f l ec t ance  
= s p e c t r a l  d i f f u s e  b i d i r e c t i o n a l  r e f l ec t ance  

rh. 
ph 

Thus, a l l  of t h e  r e f l ec t ance  q u a n t i t i e s  measured so f a r  may be considered 
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f o r  a given wavelength o r  f o r  a spec i f ied  d i s t r i b u t i o n  of wavelengths. 
q u a n t i t i e s  a r e  re fer red  t o  as "spec t ra l"  and " t o t a l "  ref l ec t ances ,  respec-  
t i v e l y .  
d i s t r i b u t i o n .  Thus, f o r  example, 

Such 

"Total1t q u a n t i t i e s  are  obtained by i n t e g r a t i o n  over  t h e  s p e c t r a l  

where hl,h2 are  the  l i m i t s  of t h e  s p e c t r a l  range of t h e  inc iden t  r a d i a t i o n .  
N2te t h a t ,  t he re fo re ,  t h e  " t o t a l "  r e f l ec t ance  q u a n t i t i e s  a re  a func t ion  of 
t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  inc iden t  r a d i a t i o n  as w e l l  as t h e  nature  3f 
t h e  r e f l e c t i n g  sur face .  Thus, t o t a l  r e f l ec t ance  q u a n t i t i e s  measured with 
one s p e c t r a l  d i s t r i b u t i o n  cannot necessa r i ly  be used as t h e  t o t a l  r e f l ec t ance  
f o r  another  s p e c t r a l  d i s t r i b u t i o n .  

Figure 2 shows t h e  d i s t r i b u t i o n  of r e f l ec t ed  r a d i a t i o n  f o r  a p e r f e c t l y  

90' 
0.3 0.2 0.1 0.1 0.2 0.3 

Fig.  2 .  D i s t r ibu t ion  of  r e f l e c t e d  r a d i a t i o n  f o r  a p e r f e c t l y  d i f fuse  (Lam-  
b e r t i a n )  ref l ec to r .  

d i f fuse  (Lambertian) r e f l e c t o r .  
Note t h a t  t h e  d i s t r i b u t i o n  of r e f l ec t ed  r a d i a t i o n  i s  t h e  same f o r  a l l  angles  
of incidence,  i . e . ,  p(Ql ,b l ,Q2, f i2)  = p cons tan t .  

The quan t i ty  p l o t t e d  i s  P(Ql,bl,Q~,bz) .cos Q2. 

For t h i s  i l l u s t r a t i o n ,  p = 0.3 

4 



a n d ,  t he re fo re ,  t h e  

Figure 3 shows 

d i r e c t i o n a l  re f lec tance  r(Q1,hl) = 11.0.3 = .94. 

t h e  d i s t r i b u t i 3 n  3f r e f l e c t e d  r a d i a t b n  f o r  imperfec t ly  

0 

0 

90 

Fig.  3 .  Dis t r ibu t ion  of r e f l ec t ed  r a d i a t i o n  f o r  imperf'ectly d i f f u s e  re- 
f l e c t o r .  
O", 40" and 60". 

p(Ql,b~,Q~,bz) .cos Q2 i s  p lo t t ed  f o r  t h r e e  angles  of incidence: 

d i f f u s e  r e f l e c t o r .  
incidence.  

p(Ql ,bl ,€I2,bz)  i s  p lo t t ed  f o r  t h r e e  d i f f e r e n t  angles  3f 
I n  t h i s  case ,  t h e  r e f l e c t o r  has  a f a i r l y  l a rge  specular  comp3nent. 

Nate t h a t  i n  both F igs .  2 a n d  3 t h e  d i s t r i h u t i o n  of r e f l ec t ed  r a d i a t i 3 n  

Complete spec i f i ca -  
has been shown only f o r  t h e  plane of incidence ( t h e  plane determined by t h e  
n 2 m l  t o  t h e  r e f l e c t i n g  sur face  and the  inc iden t  r a y ) .  
t i o n  2f t h e  d i s t r i b u t i o n  r equ i r e s  similar p l o t s  f o r  a l l  v e r t i c a l  p lanes ,  i . e . ,  
t h e  d i s t r i b u t i o n  over  t h e  hemisphere. 

Such a hemispherical  p l o t  should be obtained f o r  each wavelength i n  t h e  
range of considerat ion.  Then, f i na l ly ,  a hemispherical  p l o t  of t o t a l  b i -  
d i r e c t i o n a l  r e f l ec t ance  could be p lo t ted  f o r  each s p e c t r a l  d i s t r i b u t i o n  con- 
s ide red .  

2.2. EXPERIMENTAL MEASUREMENTS 

Measurement gf t h e  b i d i r e c t i o n a l  r e f l ec t ance  of a sample can be made by 
t h e  meth3d shgwn schematical ly  i n  Fig.  1. The source and sample would be 
varied so  t h a t  a complete set  of d a t a  ex is ted  f o r  a l l  wavelengths, a l l  angles  
3f incidence,  and a l l  angles  of re f lec tance .  For a sample which has  a n  ap- 
p rec i ab le  specular  r e f l ec t ance  component, t h i s  i s  a long a n d  ted ious  t a s k .  

5 



Usually t h i s  information i s  not ava i l ab le .  If t h e  sample i s  known t o  have 
almost t h e  i d e a l  “d i f fuse”  r e f l ec t ance  c h a r a c t e r i s t i c ,  t h e  t a s k  i s  e a s i e r .  
A few measurements w i l l  determine the  e s s e n t i a l  c h a r a c t e r i s t i c s  of t h e  r e -  
f l ec t ance  p rope r t i e s  of t h e  sample. 

The d i r e c t i o n a l  r e f l ec t ance  of a sample may be measured i n  a n  i n t e g r a t -  
The sample i s  i r r a d i a t e d  from a small s o l i d  ing  type of re f lec tance  device.  

angle  and a l l  r e f l ec t ed  energy de tec ted .  If t h e  sample has  p e r f e c t l y  d i f -  
fuse  r e f l ec t ance ,  t h e  r e s u l t s  w i l l  uniquely def ine  t h e  r e f l ec t ance  p a t t e r n  
of t h e  sample. I f  the  sample has a la rge  specular  component, t h i s  measure- 
ment w i l l  not determine t h e  r e f l ec t ance  p a t t e r n  adequately.  

If a sample has e s s e n t i a l l y  specular  r e f l ec t ance  b i r r o r - r e f  l e c t i o n ) ,  
then  a device l i k e  the  specular  r e f l ec t ance  attachment f o r  a spectrophotometer 
w i l l  se rve  very wel l .  
p l e  which i s  known t o  have i d e a l  d i f f u s e  r e f l ec t ance  c h a r a c t e r i s t i c s .  
i f  t h e  sample i s  p a r t i a l l y  d i f f u s e  and p a r t i a l l y  specular ,  t h e  r e f l ec t ance  
p a t t e r n  i s  not determined. 

Indeed, such a device w i l l  work very we l l  f o r  a Sam- 
Again, 

To summarize, i f  a sample i s  known t o  have i d e a l  ”d i f fuse”  r e f l ec t ance  
c h a r a c t e r i s t i c s  o r  p e r f e c t l y  specular  r e f l ec t ance  c h a r a c t e r i s t i c s ,  it i s  not 
d i f f i c u l t  t o  ob ta in  a measurement which w i l l  d e f ine  these  c h a r a c t e r i s t i c s .  
However, i f  t h e  sample has  p a r t i a l l y  d i f f u s e  and p a r t i a l l y  specular  r e f l e c -  
tance ,  measurement 2f t h e  b i d i r e c t i o n a l  r e f l ec t ance  i s  e s s e n t i a l .  

6 



3 .  SPECTRAL DIRECTIONAL REFLECTANCE OF KODAK WHITE PAPER -- 

3.1. BEST ESTIMATE OF SPECTRAL DIRJ3CTIONAL REFLFCTANCE OF KODAK WHITE PAPER -- 
Figure 4 shows a l l  of t he  ava i l ab le  data on t h e  s p e c t r a l  d i r e c t i o n a l  

r e f l ec t ance ,  rh, of Kodak white paper. 
era1 sources : 

The data have been obtained from sev- -- 

1. 
2. Naval Research Iaboratory (0.25-2.5~). 
3. 
4. 

Nat ional  Bureau of Standards ( i n  t h e  wavelength range of 0 . 5 - 0 . 7 3 ~ ) .  

NASA-Goddard Space F l ight  Center ( 0 . 3 - 2 . 6 ~ ) .  
Universi ty  of Michigan-High Al t i t ude  Engineering Iaboratory (1.4- 
5 .OF>.  

It i s  believed t h a t  a l l  of the data,  with the  exception of The Unive r -  
s i t y  of Michigan data,  have been obtained by measurement on t h e  i n t e g r a t i n g  
type of r e f l ec t ance  attachment,  and thus  a r e  t r u l y  the  s p e c t r a l  d i r e c t i o n a l  
r e f i ec t ance  of Kodak white paper. 

The NBS and NRL data have been forwarded t o  us by NASA-GSFC personnel.  
Note t h e  exce l l en t  agreement between these  two s e t s  of d a t a i n  t h e  range of 
0.5 -0 -75 /.L. 

The NASA data have been normalized t o  agree with t h e  NBS and NRL data 
i n  t he  range of 0.3-0.75~.  
of t h e  NASA data over t h e  e n t i r e  range of wavelengths ( 0 . 5 - 2 . 6 ~ ) .  

This normalizing f a c t o r  w a s  then appl ied t o  a l l  

The Universi ty  of Michigan data i n  t he  1.4-5.0~ region were measured 
with a specular  r e f l ec t ance  attachment on a Perkin-Elmer spectrometer.  
t h i s  device the  s p e c t r a l  re f lec tance  of t h e  Kodak white paper sample i s  meas- 
ured r e l a t i v e  t o  a MgO sample f o r  near ly  normal angles  of incidence and  re- 
f l e c t a n c e .  This method w i l l  y ie ld  the  co r rec t  r e s u l t  if both samples are 
p e r f e c t l y  d i f f u s e  r e f l e c t o r s .  
r e f l ec t ance  component, however, the  r e s u l t s  would be i n  e r r o r .  

With 

-- 

If the  Kodak white paper has  a l a rge  specular  -- 

The increase  i n  r e f l ec t ance  above 2 . 8 ~  should be noted. The shape of 
t h i s  curve i n  t h e  2 . 8 - 5 . 0 ~  region i s  similar t o  t h e  increase  with wavelength 
of  black or gray body radiance with wavelength. It may be t h a t  t h e  radia- 
t i o n  emitted by the  Kodak white paper i s  cont r ibu t ing  t o  t h e  readings i n  t h i s  
region of t h e  spectrum. This p o s s i b i l i t y  w i l l  be examined more c l o s e l y  i n  
t h e  near  f u t u r e .  

It i s  a l s o  poss ib l e  t h a t  the increase  i n  r e f l ec t ance  about 2 . 8 ~  i s  due 
t o  a n  increase  i n  specular  re f lec tance .  I n  t h i s  case ,  t h e  i n t e r p r e t a t i o n  as 
s p e c t r a l  d i r e c t i o n a l  re f lec tance  i s  i n c o r r e c t .  

7 
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I n  t h e  4 . 5 - 5 . 7 ~  region,  da ta  were a l s o  obtained a t  The Univers i ty  of 
Michigan with a modified Block I-4T in te r fe rometer .  
measured r e l a t i v e  t o  r a d i a t i o n  from an extended black-body source and re la t ive 
t o  t h e  r e f l ec t ance  of magnesium oxide. These d a t a  confirm t h e  o t h e r  Un i - i r -  
s i t y  of Michigan da ta  i n  t h e  4 .5-5 .0~  region.  

The r e f l ec t ance  was 

The in te r fe rometer  was a l s o  used t o  measure t h e  r e f l ec t ance  of MgO rela- 
t i v e  t o  an  extended black-body source. 
from t h e  l i t e r a t u r e  (see Fig.  8 ) ,  and so t h e  v a l i d i t y  of  t h i s  technique seems 
t o  be confirmed. 

The r e s u l t s  agree  with d a t a  taken 

The smooth curve of Fig.  5, der ived from a l l  of t h e  a v a i l a b l e  d a t a ,  i s  
g iven  as t h e  b e s t  estimate of the  s p e c t r a l  d i r e c t i o n a l  r e f l ec t ance  of Kodak 
white  paper i n  t h e  range of 0 . 2 - 3 . 7 ~ .  

If t h e  nature  of t h e  r e f l ec t ance  can be shown t o  be d i f f u s e ,  then  t h e  
b i d i r e c t i o n a l  r e f l ec t ance  of any wavelength w i l l  be t h e  value shown divided 
by x .  I f  t h e  r e f l ec t ance  has any apprec jab le  specular  component, t h e  i n t e r -  
p r e t a t i o n  cannot be made without a d d i t i o n a l  information. 

3.2. BIDIRECTIONAL REFIECTANCE CHARACTERISTIC O F  KODAK WHITE PAPER -- 
Some information on t h e  b i d i r e c t i o n a l  r e f l ec t ance  of  Kodak white  paper  

has  been obtained a t  The Universi ty  of Michimn by t h e  fol lowing technique. 
The Kodak white  paper t a r g e t  w a s  placed a t  a d i s t ance  of  one meter from t h e  
source  lamp. The power r e f l ec t ed  from t h e  paper  w a s  measured a t  10' i n t e r -  
vals  i n  t h e  p lane  of incidence ( the  p lane  normal t o  t h e  t a r g e t  through t h e  
d i r e c t i o n  of i nc iden t  r a d i a t i o n )  f o r  incidence angles  of  0' (normal i n -  
c idence)  and 45". 
view) was reduced t o  11' by an  aper ture .  

-- 

The acceptance angle  of  t h e  thermopile ( i . e . ,  f i e l d  of  

The same measurements were a l s o  made with a magnesium oxide t a r g e t  sub- 
s t i t u t e d  f o r  t h e  Kodak white paper t a r g e t .  
t h e  white  paper  and 
i s  t h e  r e f l ec t ance  of  t h e  white  paper r e l a t i v e  t o  t h e  MgO. The abso lu te  re- 
f l e c t a n c e  of t h e  white paper was obtained by mul t ip ly ing  t h i s  r a t i o  by t h e  
r e f l ec t ance  of  MgO. 

The r a t i o  of  t h e  readings f o r  
MgO f o r  a given set of angle  of incidence and r e f l e c t a n c e  -- 
-- 

c__- 

The r e s u l t s  are shown i n  Fig. 6. The r e f l ec t ance  p a t t e r n  of  t h e  Kodak 
white  paper  f o r  normal incidence i s  an e l l i p s e  r a t h e r  than  t h e  c i r c l e  of t h e  
i d e a l  d i f f u s e  (Iambert ian)  re f lec tance .  The depar ture  from t h e  i d e a l  d i f f u s e  
case  i s  even more obvious i n  t h e  r e f l ec t ance  p a t t e r n  of t h e  paper  f o r  45" i n -  
c idence.  I n  t h i s  case ,  a f a i r l y  l a r g e  specular  component i s  shown. 

The v a l i d i t y  of t h i s  technique has  been t e s t e d  by measureing t h e  b i d i r e c -  
t i o n a l  r e f l ec t ance  of an MgO sur face .  The r e s u l t  i s  shown i n  Fig.  7 toge the r  
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with t h e  r e s u l t  of V.G.W. H a r r i s o n .  
of t h e  technique. 

The good agreement ver i f ies  t h e  accuracy 

The r e f l e c t m c e  p z t t e r n s  shown i n  F ig .  6 a r e  velues  in t eg ra t ed  over t h e  
wavelength range of 0.2-5.0~. 
t h e  s p e c t r a l  r e f l ec t ance  a t  a l l  wavelengths. Evidence f o r  t h i s  was obtained 
by measuring t h e  r a t i o  of s p e c t r a l  r e f l ec t ance  a t  45" t o  t h a t  a t  0' f o r  a n  
incidence angle  of 45". 
range of 0.4-2.4~. 

These p a t t e r n s  a r e  not expected t o  apply f o r  

This r a t i o  i s  p l o t t e d  i n  Fig.  8 for t h e  wavelength 
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4. CONCLUSIONS 

The data shown i n  Fig.  5 a r e  the s p e c t r a l  d i r e c t i o n a l  r e f l ec t ance  of 

For wavelengths g r e a t e r  than 2.61.1, t h e  data are probably 
Kodak white paper.  The data are probably q u i t e  accura te  for wavelengths 
l e s s  than  2 . 6 ~ .  
not q u i t e  as r e l i a b l e .  The uncer ta in ty  becomes g r e a t e r  with increas ing  wave- 
length .  

The data of Fig.  6 and 8 i n d i c a t e  t h a t  it is  not co r rec t  t o  assume t h a t  
Kodak white gaper  has p r e f e c t l y  "diffuse"  r e f l ec t ance .  This assumption w i l l  
not lead t o  la rge  e r r o r s  i f  t he  paper i s  used a t  near ly  normal angles  of i n -  
cidence and  r e f l ec t ance .  For angles of incidence and r e f l ec t ance  g r e a t e r  
than  20°, however, it i s  necessary t o  consider  t h e  b i d i r e c t i o n a l  r e f l ec t ance  
c h a r a c t e r i s t i c s  of t h e  paper.  Additional da t a  on the  b i d i r e c t i o n a l  r e f l ec t ance  
a r e  needed f o r  such a n  app l i ca t ion .  
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6. APPENDIX: 

A REVIEW OF THE REFLECTANCE CHARACTERISTICS 
OF SMOKED MAGNESIUM OXIDE SURFACES 

6.1. INTRODUCTION 

Although t h e  r e f l ec t ance  c h a r a c t e r i s t i c s  of a smoked magnesium oxide 
su r face  have been inves t iga ted  ex tens ive ly ,  each i n v e s t i g a t i o n  has  d e a l t  
with one o r  two a spec t s  and thus  information i s  widely spread i n  t h e  lit- 
erature.  

During t h e  pas t  two years ,  information on smoked magnesium oxide has  
been gathered a t  The Univers i ty  of Michigan High A l t i t u d e  Engineering Lab- 
o r a t o r y  f o r  reference with t h e  use of smoked magnesium oxide as a d i f f u s e l y  
r e f l e c t i n g  medium. It appears appropr ia te  a t  t h i s  t i m e  t o  summarize t h e  
r e s u l t s .  This i s  not intended t o  be a complete b ib l iog raph ica l  survey. 

It i s  recommended t h a t  t h i s  note be used as a re ference  i n  l abora to ry  
use  and p repa ra t ion  of smoked magnesium oxide.  

6.2. METHOD O F  PREPARATION 

The method of preparing smoked magnesium oxide has  been t h e  sub jec t  of 
some controversy; however, t he re  are now two methods which have gained ac-  
ceptance.  I n  t h e  first method, prac t iced  a t  t h e  Nat ional  Bureau of Stand- 
a r d s ,  magnesium tu rn ings  a r e  burned i n  a zirconium d i s h ,  t h e  f r e e l y  burning 
molten magnesium raked i n t o  a block, and t h e  smoke allowed t o  depos i t  on 
t h e  sur face .  I n  t h e  second method, a magnesium ribbon is  burned i n  a i r  and 
t h e  r i s i n g  stream of smoke allowed t o  depos i t  upon t h e  sur face .  I n  both 
cases ,  t h e  sur face  i s  kept  away from t h e  flame o f  t h e  burning magnesium i n  
o rde r  t o  minimize uneven depos i t  by t h e  tu rbu len t  r i s i n g  stream of smoke. 

It has been shown t h a t  both methods provide su r faces  o f  a high r e f l ec t ance ,  
and t h e  two methods are shown t o  produce su r faces  with r e f l ec t ances  which 
agree t o  with k0.34 throughout most of t h e  v i s i b l e  spectrum.' 

There have been many experiments with var ious  th i cknesses  of magnesium 
oxide l a y e r  and backing surfaces;  however, it i s  gene ra l ly  agreed t h a t  t h e  
backing sur face  be c lean  and polished o r  s i l v e r - p l a t e d ,  and t h e  minimum th i ck -  
ness of  magnesium oxide i s  considered t o  be one m i l l i m e t e r ,  t h m g h  Pres ton  
found l/3 mm th ickness  s a t i s f a c t o r y  and reproducible .  
however, employed th ickness  of 1 m m  on a s i l ve r -p l a t ed  copper sur face .  V.G.W. 

2 

G. W .  Gordon-Smith3 



H a r r i ~ o n , ~  on the  o t h e r  hand, cons iders  l a y e r s  of 2-mm th ickness  d e s i r a b l e .  
M’.ddleton and Sanders’ a l s o  t e s t e d  t h e  e f f e c t  of  t h i ckness  and found t h a t  
t h e  r e f l ec t ance  i n  t h e  .k5-.65p wavelength region could be improved from 94% 
t o  97% by f u r t h e r  coa t ing .  I n  view of t h e  above it appears  t h a t  a th i ckness  
of not l e s s  than 1 mm i s  required i n  o rde r  t o  produce a good reproducible  
sur face .  

6 .3 .  DETERIORATION DUE TO AGING 

One of t h e  disadvantages of a smoked magnesium oxide su r face  i s  t h e  f a c t  
t h a t  t h e  sur face  d e t e r i o r a t e s  with t ime.  
measured t h e  ex ten t  of d e t e r i o r a t i o n  t o  slow formation of b r u c i t e ,  Mg(0H). 
They poin t  ou t ,  however, t h a t  t h e  d e t e r i o r a t i o n  a t  2 . 2 ~  i s  t o o  l a r g e  t o  a t t r i b -  
u t e  t o  t h e  formation of b r u c i t e ,  even though t h e  d e t e r i o r a t i o n  i n  t h e  wave- 
length region 1.4~ - 1.9~ appears t o  be due t o  t h e  formation of b r u c i t e .  

C .  L. Sanders and E.E.K. Middleton5 

Tes ts  on a 16-month-old sur face  ind ica ted  t h a t  t h e  d e t e r i o r a t i o n  i s  very 
slow a f t e r  f i r s t  few days.  The tes ts  a l s o  showed t h a t  t h e  r e f l ec t ance  i n  t h e  
v i s i b l e  spectrum remained p r a c t i c a l l y  cons tan t ,  while  i n  t h e  i n f r a r e d  spectrum 
t h e  decrease was about 2 t o  3%. 
t e r i o r a t i o n  of about l’$ was observed during t h e  f i r s t  13-month per iod .  
i nves t iga t ion  by S a n d e r s  and Middleton? was ca r r i ed  out f o r  wavelengths up 
t o  2 . 4 ~  and, as of t h i s  d a t e ,  d e t e r i o r a t i o n  of r e f l ec t ance  above 2 . 5 ~  has 
not been inves t iga t ed ,  although t h e  s p e c t r a l  r e f l ec t ance  i n  t h e  lL.0p-15.0p 
wavelength region has been measured. 

I n  t h e  u l t r a v i o l e t  s p e c t r a l  reg ions ,  de-  
The 

6 .4 .  EFFECT OF U V  IRRADIATION 

An increase  i n  t h e  r e f l ec t ance  i n  t h e  s p e c t r a l  region .25-.55p was ob- 
served by Middleton and Sanders’ when a smoked magnesium oxide sur face  was 
exposed t o  u l t r a v i o l e t  r a d i a t i o n .  
would increase  the r e f l ec t ance  by as much as 5% i n  t h e  .25-.bp region.  
e f f e c t  of UV i r r a d i a t i o n  i s  considered t o  be due t o  bleaching,  i n  which 
magnesium n i t r i d e ,  formed during t h e  burning of  magnesium i n  a i r ,  i s  slowly 
decomposed under t h e  inf luence  of u l t r a v i o l e t  r a d i a t i o n .  

It i s  shown t h a t  u l t r a v i o l e t  i r r a t i a t i o n  
This  

6.5.  REPRODUCIBILITY 

A v a r i a t i o n  i n  t he  r e f l ec t ance  between su r faces  i s  expected even though 
t h e  sur faces  may have been prepared i n  a n  i d e n t i c a l  manner .  The v a r i a t i o n  
i n  t h e  s p e c t r a l  r e f l ec t ance  may be due t o  s e v e r a l  causes:  unevenness of smoke 
depos i t ,  th ickness ,  impur i t i e s ,  and so f o r t h .  The e f f e c t  of unevenness of 
depos i t  and v a r i a t i o n  i n  th ickness  can be el iminated by coa t ing  t h e  su r face  
with a s u f f i c i e n t l y  t h i c k  coa t ing .  The e f f e c t  of impur i t i e s  i s  bel ieved t o  
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be neg l ig ib l e  i n  view of t h e  r e s u l t  obtained by Middleton and Sanders,' and 
t h e  r e s u l t  obtained by I. G. P r i e s t , 6  who found l i t t l e  change i n  t h e  relative 
re f l ec t ance  i n  t h e  v i s i b l e  spectrum with g r o s s l y  contaminated magnesium. 

The sur face  prepared according t o  t h e  method descr ibed by t h e  Nat ional  
Bureau of Standards i s  considered t o  have maximum spread i n  t h e  s p e c t r a l  re- 
f l e c t a n c e  of +o.5$. 

6.6. BIDIRECTIONAL REFLECTANCE CHARACTERISTIC 

The inves t iga t ion  of t h e  b i d i r e c t i o n a l  r e f l ec t ance  c h a r a c t e r i s t i c s 4  of 
a smoked magnesium oxide coat ing of 2-mm th ickness  on aluminum showed t h a t  
f o r  incidence angles up t o  60" the  p a t t e r n s  were, i n  genera l ,  e l l i p s e s .  
eve r ,  a t  45" incidence it was found t h a t  t h e  e l l i p s e s  degenerated i n t o  
c i r c l e ,  and i n  t h i s  case Lambert's cosine l a w  was obeyed wi th in  t h e  accuracy 
of  t h e  measurement. 

How- 
a 

It was a l s o  found t h a t  f o r  incidence angles  g r e a t e r  than  6 0 " ,  t h e  reflec- 
t ance  p a t t e r n s  became i r r e g u l a r  and a t  graz ing  angles ,  i . e . ,  incidence angles  
of 80" o r  more specular  components appeared i n  tne r e f i ec t ance .  

The e l l i p t i c  p a t t e r n s  were sec t ions  of  a p r o l a t e  spheroid f o r  t h e  i n -  
c idence angle  from 0" t o  45", a n d  s e c t i o n s  of a o b l a t e  spheroid f o r  t h e  i n -  
c idence angles  between 45" and 55" .  
work of Angstrom i n  1885." 

This w a s  i n  agreement with t h e  early 

6.7.  SPECTML REr'LECTANCE 

S p e c t r a l  r e f l ec t ance  measurements have been made by many i n v e s t i g a t o r s  
f o r  var ious  s p e c t r a l  regions; some of t h e  work i s  l i s t e d  below. 

A.  H. Taylorb .25 - .4lp 
F. Benford, e t  al.7,8 

1 E.E.K. Middleton and C .  L. Sanders 
C .  L. Sanders and E.E.K. Middleton5 

-46 - .62p and .24 - .36p  

.60 - 2.41-1 
-25 - .85P 

J .  T.  Gier e t  a1.9 1.0 -15.0~ 

The d i f f u s e  s p e c t r a l  d i r e c t i o n a l  r e f l ec t ance  o f  smoked magnesium oxide 
i n  t h e  s p e c t r a l  region .24~-15.0p i s  given i n  Fig.  9. It i s  noted t h a t  t h e  
f i g u r e  represents  an  average value of' var ious  measurements over  var ious  
s p e c t r a l  regions as l i s t e d  above. It i s  a l s o  noted t h a t  t h e  agreement between 
var ious  r e s u l t s  throughout t h e  spectrum w a s  b e t t e r  than  f2$, although t h e  max- 
imum spread was *6$ i n  t h e  u l t r a  v i o l e t  region.  

*Angstrom, K . ,  Annals of Physics  (Leipz ig) ,  Vol. 26,  1885, p.  253. 
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6 .8. DISCUSSION 

The th ickness  of t h e  coating a f f e c t s  t h e  r e f l ec t ance  i n  t h e  v i s i b l e  and 
t h e  near- infrared regions,  and it appears  t h a t  t h e  th ickness  of smoke de- 
p o s i t s  should not be less than  l m m  t o  in su re  t h e  goodness of t h e  sur face .  
I n  t h e  in f r a red  region between 2 . 5 ~  and l 5 ~ ,  t h e  effect  of th ickness  has  not 
been f u l l y  inves t iga t ed .  

Since t h e  amount of magnesium n i t r i d e  a f f e c t s  t h e  r e f l ec t ance  i n  u l t r a -  
v i o l e t ,  and t h e  amount of magnesium n i t r i d e  could vary from su r face  t o  sur- 
f ace ,  a maximum f l u c t u a t i o n  of approximately 53% should be expected i n  t h e  
r e f l ec t ance  i n  t h e  UV region from su r face  t o  sur face .  I n  t h e  v i s i b l e  por- 
t i o n s  of t h e  spectrum, however, t h e  r e f l e c t a n c e  appears  t o  be a f f ec t ed  n e i t h e r  
by aging nor by UV i r r a d i a t i o n .  I n  t h e  near- infrared region,  i . e . ,  .8p-2.4pY 
t h e  amount of b r u c i t e  could cause v a r i a t i o n s  i n  t h e  r e f l ec t ance  from su r face  
t o  surface;  however, a l a rge  va r i a t ion  may be avoided by coa t ing  t h e  su r face  
anew whenever t h e  MgO sur face  i s  used as a r e f l e c t i n g  medium. 
in f r a red  region ( 2 . 4 ~ - 1 5 ~ ) ~  t h e  e f f e c t  of th ickness  and aging i s  now known, 
and a considerable  devia t ion  i n  a p a r t i c u l a r  sur face  may r e s u l t  from t h e  re- 
f l e c t a n c e  values  given i n  F ig .  g. 

I n  t h e  far-  

It i s  noted t h a t  t h e  values  of Fig.  1 should be considered as an  ind ica-  
t i o n  of  t h e  r e f l ec t ance  and t h e i r  l i m i t a t i o n s  should be borne i n  mind, should 
it be necessary t o  use  these  values.  
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